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The chemical neuroanatomy and the effects of central administration of opioid antagonists on the
innate fear-induced responses elicited by electrical (at escape behaviour threshold) stimulation of the
midbrain tectum were determined. The aim of the present work was to investigate the interaction
between the tecto-nigral endogenous opioid peptide-mediated disinhibitory pathways and nigro-tectal
inhibitory links in the control of panic-like behaviour and their organisation in the continuum
comprised by the deep layers of the superior colliculus (dlSC) and the dorsolateral columns of the
periaqueductal grey matter (dlPAG). Beta-endorphin-labelled neurons and ﬁbres were found in the
dorsal midbrain and also in the substantia nigra. Opioid varicose ﬁbres and terminal buttons were
widely distributed in PAG columns and in all substantia nigra subdivisions. Microinjections of
naltrexone (a non-selective opioid receptor antagonist; 5.0 mg/0.2 ml) or nor-binaltorphimine (a
selective k-opioid receptor antagonist; 5.0 mg/0.2 ml) in the dlSC/dlPAG continuum, in independent
groups of animals, induced signiﬁcant increases in the escape thresholds for midbrain tectum electrical
stimulation. The microinjection of naltrexone or nor-binaltorphimine into the SNpr also increased the
escape behaviour threshold for electrical stimulation of dlSC/dlPAG. These morphological and
neuropharmacological ﬁndings support previous evidence from our team for the role played by the
interaction between opioidergic and GABAergic mechanisms in the modulation of innate fear-induced
responses. The present data offer a neuroanatomical basis for both intratectal axo-axonic/pre-synaptic
and tecto-nigral axo-somatic opioid inhibition of GABAergic nigro-tectal neurons that modulate the
dorsal midbrain neurons related to the organisation of fear-related emotional responses.
& 2012 Elsevier B.V. Open access under the Elsevier OA license. 1. Introduction
Defensive behaviours include defensive alertness (Uribe-Marin˜o
et al., 2012; Biagioni et al., 2012), freezing (Fanselow, 1980; Zhang
et al., 1990), escape responses (Panksepp, 1990; Coimbra and Brand~ao,
1993), tonic immobility (Menescal-de-Oliveira and Hoffmann, 1993),
and affective defence (Hess and Bruger, 1943).ulo (USP), Departamento de
opsicobiologia, Faculdade de
0, Ribeir~ao Preto, S~ao Paulo,
16 36023349.
Coimbra).
ier OA license. Several reports suggest that interactions between nigro-tectal
GABAergic pathways (Jayaraman et al., 1977; Grofova´ et al., 1978;
Coimbra and Brand~ao, 1993) and the endogenous opioid peptide-
mediated system play a role in the organisation of some emo-
tional responses. Intra-tectal and tecto-nigral varicose neural
pathways, which are rich in beta-endorphin and leu-enkephalin
(Eichenberger et al., 2002; Osaki et al., 2003; Ribeiro et al., 2005),
have been proposed as relevant connective links involved in the
modulation of fear and panic attacks though their disinhibitory
action on nigro-tectal pathways (Castellan-Baldan et al., 2006).
In addition, interactions between endogenous opioid peptide-
mediated pathways and GABAergic pathways have been reported
to involve other brain and brainstem structures. Previous studies
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(2.5 mg/rat) into the dorsal hippocampus and muscimol (2.5 ng/
rat) into the medial septum increases anxiety-related responses.
On the other hand, simultaneous administration of morphine
(7.5 mg/rat) into the dorsal hippocampus and bicuculline into the
medial septum decreases anxiety-induced behaviour. These ﬁnd-
ings suggest that the opioidergic system of the dorsal hippo-
campus is involved in anxiety-related behaviour and exerts at
least part of its inﬂuence through the GABAergic system of the
medial septum (Ashabi et al., 2011).
Opioid mechanisms seem to be involved in the control of
defensive reactions, anxiety and panic. Morphine administration
into the dorsal columns of the periaqueductal grey matter (dPAG)
attenuates both behavioural and autonomic responses induced by
local electrical stimulation (Brand~ao et al., 1990). However,
anxiety-related responses evoked during exposure in the elevated
plus maze, a classical tool for pharmacological and behavioural
investigations of anxiety-related states, can be inhibited or
facilitated by intramesencephalic administration of morphine at
low (10 nmol) and high (30 nmol) doses, respectively (Anseloni
et al., 1999). Instinctive fear-related responses can be elicited by
the blockade of GABAA receptors in the dorsal midbrain (Coimbra
et al., 2006), and opioid receptors seem to be involved in the
modulation of GABAergic pathways at cranial levels of the
mesencephalic tectum, such as the dPAG, and the deep layers of
the superior colliculus (dpSC) (Eichenberger et al., 2002; Ribeiro
et al., 2005). Additionally, similar results can be obtained after
modulation of the opioid peptide-mediated system in the inferior
colliculus (Coimbra et al., 2000; Calvo and Coimbra, 2006;
Castellan-Baldan et al., 2006).
The present work intends to take an additional step in the
study of how the functional aspects of neural pathways involved
in the modulation of innate fear and defensive responses are
organised by dorsal mesencephalic neurons. Emphasis will be
given to intra-tectal and tecto-nigral opioid disinhibitory neural
links. Speciﬁcally, we investigated the activity of intramesence-
phalic opioid modulation of the nigro-tectal GABAergic neural
pathways involved in the control of defensive responses elicited
by electric stimulation of the dPAG and dlSC.2. Materials and methods
2.1. Animals
Male Wistar rats weighing 250–300 g from the animal facility
of the School of Medicine of Ribeir~ao Preto of the University of S~ao
Paulo were used. These animals were housed in groups of four
rats per plexiglass cage (41 length34 width18 height, in
centimeters) and given free access to food and water throughout
the experiment. Rats were kept in the experimental room for 48 h
prior to the experiment on a 12 h light/12 h dark cycle (lights on
at 7:00 a.m.) at 23–25 1C. All experiments were performed in
accordance with the recommendations of the Brazilian Society for
Neuroscience and Behavior (SBNeC) and the Commission of Ethics
in Animal Experimentation from Ribeir~ao Preto Medical School of
the University of S~ao Paulo (process 176/2005). Different groups
of animals were used for each neuropsychopharmacological
experiment.
2.2. Neuroanatomical procedures
2.2.1. Neurotracing of tecto-nigral and nigro-tectal pathways and
the intrinsic neural circuitry of the substantia nigra
Rats (n¼6) were anesthetised with ketamine (Ketaminas;
92 mg/kg, i.p.) and xylazine (Dopasers, 9.2 mg/kg, i.m.), and theanterograde/retrograde neurotracer biotinylated dextran amine
(BDA) (Molecular weight, 3000; Molecular Probes) was micro-
injected into the tectum through a micropipette implanted in
the midbrain, aimed at the deep layers of the superior colliculus
or at the dorsal columns of the periaqueductal grey matter, using
a stereomicroscope (OPMI 1-FR, Zeiss, Germany). The upper
incisor bar was set 3.3 mm below the interaural line so that
bregma and lambda were in the same horizontal plane. The
micropipette was vertically introduced using the following
coordinates relative to bregma: anteroposterior, 5.8 mm;
mediolateral, 1.20 mm and 0.7 mm; dorsoventral, 4.7 mm and
5.0 mm, for the dlSC and dlPAG, respectively. Micropipettes were
made with a tip diameter of 40–50 mm and ﬁlled with 10% BDA
dissolved in 0.01 M phosphate buffer (pH 7.4). BDA was depos-
ited by iontophoresis using the following parameters: electrode
tips positive, DC current pulses of 5 mA, 7 s on, 7 s off, over a
period of 15 min. After the injection was completed, a protective
layer of sterile gelatin foam was laid in the bone cavity above the
mesencephalon, and the bone was closed with cyanoacrylate
glue thickened with dental cement powder. Three to four days
after surgery, each animal was deeply anaesthetised with keta-
mine (Ketaminas; 100 mg/kg, i.p.) and xylazine (Dopasers,
95 mg/kg, i.m.) and perfused transcardially at a rate of 3.5 ml/
min with a 20 ml saline solution followed by 100–200 ml of 2%
paraformaldehyde and 2% glutaraldehyde in 0.1 M phosphate
buffer (pH 7.4). After ﬁxation, the brains were sectioned, and the
mesencephalon was disconnected from the diencephalon and
pons. The midbrains were rinsed in 10% and 20% sucrose
dissolved in 0.1 M phosphate buffer, pH 7.4, at 4 1C for at least
12 h in each solution. Tissue fragments were immersed in
2-methylbutane (Sigma), frozen on dry ice (30 s), embedded in
Tissue Tek O.C.T. and cut with a cryostat (Leica CM 1950).
Endogenous peroxidase activity was blocked by pre-incubation
in 50, 70, and 50% ethanol solutions for 15, 20, and 15 min,
respectively (Metz et al., 1989). BDA labelling was visualised
using the avidin–biotin method (ABC standard Elite kit; Vector
Laboratories) with a nickel-enhanced DAB reaction (steps of the
development process are described by Veenman et al., 1992).
The sections were then washed thoroughly with 0.1 M phos-
phate buffer (pH 7.4), mounted on glass slides, counterstained
using the hematoxylin–eosin method and coverslipped with
Canada balsam to be analysed under a motorised photomicro-
scope (AxioImager Z1, Zeiss, Germany).2.2.2. Immunohistochemical staining for detection of beta-
endorphin positive neurons and neuronal ﬁbres of the intra-
mesencephalic and tecto-nigral opioid pathways
In different groups of animals (n¼6), 4 day after iontophore-
tic deposits of non-ﬂuorescent biotinylated dextran amine into
the dorsal midbrain, the biodextran was revealed as described
above. In sequence, forebrain and brainstem sections were
maintained at room temperature for 2 h and then rinsed in
phosphate buffer (0.1 M; pH 7.4) for an additional 30 min. The
following schedule summarises the immunohistochemical pro-
cedure for detecting tecto-nigral and nigro-tectal pathways: (1)
incubation with 1% H2O2 for 10 min, washing four times (5 min
each) with phosphate buffer (0.1 M; pH 7.4; PBS); (2) pre-
incubation with normal goat serum, diluted 1:50, for 2 h; (3)
rinsing with PBS containing 0.3% triton X-100 and 0.1% bovine
serum albumin (BSA) for 30 min; (4) incubation in PBS with
1:2000 primary antibody developed against beta-endorphin
(Sigma) (this step omitted in control situations) after titration
assay; (5) rinsing in PBS for 30 min; (6) incubation with 1:500
afﬁnity-puriﬁed biotinylated goat anti-rabbit immunoglobulin
(Vector Laboratories) for 3 h in a humid chamber; (7) rinsing (as
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peroxidase-conjugated avidin (ABC kit; Vector) for 2 hat 4 1C in a
humid chamber; (9) rinsing (as in the fourth step); (10) applica-
tion of 3,30-diaminobenzidine tetrahydrochloride (DAB, 0.02%)
(Vector Substrate for peroxidase), to which hydrogen peroxide
(0.04%) was added just prior to use, and two washes with 0.1 M
PBS; (11) counter-staining with alcoholic Harris hematoxylin
(10 s); (12) rinsing with glass-distilled water for 30 min; (13)
dehydration with toluene, clearing with xylene and mounting of
the sections with synthetic Canada balsam.
The morphological aspects taken into consideration to
describe and characterise beta-endorphin-containing neurons
were the size and shape of the perikarya, the characteristics of
their processes, the topographical distribution patterns of cells
and the accuracy of the immunohistochemical staining. Immuno-
positive ﬁbres were also investigated in the mesencephalon.
2.2.3. Drugs
In the neuroanatomical study, biotinylated dextran amine
(3000 MW; Molecular Probes), the ABC kit (Vector laboratories),
and 3,30-diaminobenzidine (Sigma-Aldrich, USA) were used. For
immunostaining experiments, polyclonal afﬁnity isolated rabbit
anti-beta endorphin (Sigma), goat anti-rabbit IgG biotinylated anti-
body (Vector Laboratories), biotinylated horseradish peroxidase-
conjugated avidin (ABC kit, Vector), and a Vector substrate kit for
peroxidase and Triton X-100 were used.
Naltrexone (SIGMA, 5.0 mg/0.2 ml) and nor-binaltorphimine
(SIGMA, 5.0 mg/0.2 ml) were dissolved in saline (0.9% NaCl) imme-
diately before use. Physiological saline and drugs were adminis-
tered in a ﬁnal volume of 0.2 ml.
The concentrations of naltrexone (Coimbra et al., 1996, 2000;
Ribeiro et al., 2005) and nor-binaltorphimine (Osaki et al., 2003)
were chosen based on the literature, which indicates selective and
non-selective opioid antagonists administered at 5.0 mg/0.2 ml
into either the dorsal or ventral mesencephalon have clear
antiaversive effects.
2.3. Psychopharmacological procedures
2.3.1. Electrodes and guide cannulas
The electrodes were made of two twisted stainless steel wires
(50 mm each in diameter) and were insulated except at the cross
section of the tip.
A brain electrode was implanted in the midbrain, aimed at the
dorsal periaqueductal grey matter (dPAG) or the deep layers of
the superior colliculus (dlSC), together with a guide-cannula . In
another group of animals, the guide cannula was implanted in the
SNpr in addition to the electrode aimed at the dPAG/dlSC.
2.3.2. Surgical procedure
Animals were anesthetised with ketamine (Ketaminas;
92 mg/kg, via i.p.) and Xylasine (Dopasers, 9.2 mg/kg, via i.m.)
and ﬁxed in a stereotaxic frame (David Kopf, USA). The upper
incisor bar was set at 3.3 mm below the interaural line so that the
skull was horizontal between bregma and lambda. The electrode
was introduced vertically using the following coordinates: ante-
roposterior, 5.8 mm; mediolateral, 0.4 mm to dlPAG, and
1.2 mm to dlSC; and dorsoventral, 5.0 mm to dlPAG and 4.6 mm
to dlSC. For guide-cannula implantation in the SNpr, the following
coordinates were used: anteroposterior, 6.36 mm; mediolateral,
2.2 mm; and dorsoventral, 6.3 mm. All coordinates are relative to
bregma. The guide-cannula was ﬁxed to the skull with acrylic
resin and two stainless steel screws and remained 1 mm above
the site of drug injection to avoid lesions at the structure of
interest. At the end of surgery, each rodent was treated with anintramuscular injection of penicillin G-Benzatine (120,000 UI;
0.2 ml) followed by intramuscular injection of the analgesic and
anti-inﬂammatory ﬂunixin meglumine (2.5 mg/kg). The animals
were allowed ﬁve days of post-operative recovery.
2.3.3. Behavioural procedures
Five days after surgery, the animals (N¼8–16) were placed in
an arena (circular enclosure, 60 cm in diameter and 50 cm high)
with the ﬂoor divided into 12 sections. This arena was situated in
an experimental compartment illuminated with a 40 W ﬂuores-
cent lamp (350 lx at the arena ﬂoor level). The rats were allowed
a 10 min period of habituation in the enclosure at the beginning
of each session. Afterwards, the midbrain was electrically stimu-
lated with a sine wave stimulator. The stimulation current was
monitored by measuring the voltage drop across a 1 K resistor
with an oscilloscope (Minipa, MO 1250S). Midbrain stimuli
(60 Hz) were presented at 1 min intervals with the current
intensity increasing in steps of 1.4 mA for measurement of the
defensive thresholds.
The mean current intensity that produced running or jumping
on two successive trials was considered to be the escape thresh-
old. Animals with an escape threshold above 130 mA were
discarded from the experiment. In this study, only explosive
escape behaviour was investigated. This response was selected
from the continuum of defensive behaviour (alertness, freezing
and escape reactions) (see Coimbra & Brand~ao, 1993; Ribeiro
et al., 2005) according to previous works from our team (Ribeiro
et al., 2005; Castellan-Baldan et al., 2006) that consider explosive
escape responses elicited by electrical and chemical stimulation
of the midbrain tectum as an experimental model of panic
attacks. In fact, there is a lack of responsivity to the predator
during peak locomotion of mice treated with microinjection of
D,L-homocysteic acid into the dorsal periaqueductal grey matter
(Carvalho-Netto et al., 2006), suggesting a non-oriented (explo-
sive) panic-like response organised by the dorsal midbrain neu-
rons in rodents. The periaqueductal grey matter is indeed a dorsal
mesencephalic structure that seems to be involved in the patho-
physiology of panic disorder (Graeff, 2003; Graeff and Del-Ben,
2008).
2.3.4. Intramesencephalic injection
Drugs were administered using a 5 ml Hamilton syringe (USA)
with polyethylene catheters (PE10) attached. A ﬁnal volume of
0.2 ml was injected using an infusion pump at the rate of 0.2 ml/min.
The movement of an air bubble inside the polyethylene catheter
conﬁrmed drug ﬂow.
The effects of drug administration on defensive behaviour
thresholds in response to electrical stimulation of the mesence-
phalic tectum were evaluated. Immediately after the recording of
baseline values, the animals were gently wrapped in a cloth,
hand-held, and randomly pre-treated with physiological saline
(NaCl at 0.9%), naltrexone or nor-binaltorphimine . Ten (NaCl and
naltrexone) or 120 min (nor-binaltorphimine) after central
administration of drugs, the midbrain tectum was electrically
stimulated again, and defensive behaviour thresholds were re-
evaluated after each pre-treatment .
2.3.5. Histology
The animals were anesthetised with sodium pentobarbital
(45 mg/kg, IP) and perfused through the left cardiac ventricle.
The blood was washed out with cold, oxygen-enriched, Caþþ-free
Tyrode’s buffer (40 ml at 4-C) followed by 200 ml ice-cold
4% (w/v) paraformaldehyde in the 0.1 M sodium phosphate
buffer, pH 7.4, for 15 min at a pressure of 50 mm Hg. The
midbrains were quickly removed and immersed for 4 h in fresh
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the mesencephalon from the diencephalon and pons. The midbrains
were rinsed in 10% and 20% sucrose dissolved in 0.1 M sodium
phosphate buffer (pH 7.4) at 4 1C for at least 12 h in each solution.
Tissue pieces were immersed in 2-methylbutane (Sigma), frozen on
dry ice, embedded in Tissue Tek O.C.T., and cut with a cryostat at
25 1C. Subsequently, the sections were mounted on glass slides
coated with chrome alum gelatin to prevent detachment of the
sections during the incubation procedure. Next, the slices were
mounted on glass slides coated with chrome alum gelatin to prevent
detachment and stained with methylene blue in a robotised auto-
stainer (CV 5030 Leica Autostainer XL) to localise the positions of the
electrode tips using a bright ﬁeld photomicroscope (AxioImager Z1,
Zeiss). The sites were depicted on anagrams from Paxinos and
Watson (1997)’s stereotaxic atlas. Data from rats with electrode tips
and guide cannula located outside the dlSC/dlPAG continuum or SNpr
were not included in the statistical analysis, but they are presented in
Figs. 9 and 10 to show the speciﬁcity of brain site stimulation and/or
drug infusion.2.3.6. Statistical analysis
Data obtained with electrical stimulation of the mibrain tectum
of rodents pre-treated with naltrexone or nor-binaltorphimine in
the dlSC/dlPAG or in the SNpr were expressed as delta (D) values
(escape behaviour threshold test—baseline escape behaviour
threshold) submitted to one-way analyses of variance (ANOVA)
followed by Tukey’s post hoc test, using the GraphPad Prism 5.0
software package. Data regarding delta values from the treatment of
both dorsal and ventral mesencephalon with physiological saline
were compared using unpaired Student’s t tests with Welch’s
correction. Po0.05 was considered statistically signiﬁcant.Fig. 1. Photomicrographs of transverse sections of the reticulate division of the
substantia nigra showing biotinylated dextran amine-labeled tecto-nigral varicose
afferents (open arrowheads) (A) and neurons (black arrows) that send non-
varicose projections (black arrowheads) to the dorsal midbrain (B) and (C). Note
that the thin varicose ﬁbre branches reach dendrites of the nigro-tectal projecting
neurons (B) and (C). Bars: 24 mm.3. Results
3.1. Neuroanatomical and immunohistochemical study of the intra-
mesencephalic and tecto-nigral opioid pathways
Iontophoretic deposits of biotinylated dextran amine into the
deep layers of the superior colliculus and dorsolateral periaque-
ductal grey matter showed labelled neurons in the substantia
nigra pars reticulata connected to the dlSC and dlPAG. In addition,
profuse varicose ﬁbres from tecto-tectal short neural links were
consistently found in the dorsal midbrain (data not shown), and
axons from longer tecto-nigral varicose pathways were widely
found in the SNpr along its cranio-caudal axis as shown in Fig. 1.
There were beta-endorphin-immunolabeled neurons in the dlSC
(data not shown) and in dlPAG (Fig. 2A and B), where we
consistently found profuse (þþþ/4) beta-endorphin positive var-
icose ﬁbres, mainly in the more caudal aspects (Fig. 2C). Beta-
endorphin-labelled neurons were also found in SNpr as shown in
Fig. 3. However, although beta-endorphin-immunolabeled vari-
cose ﬁbres were found in the deep mesencephalon and in all
divisions of the substantia nigra, the distributions of these ﬁbres
were not uniform; they varied according to each particular
anatomical location. There were more profuse opioid varicose
ﬁbres in the substantia nigra, pars lateralis (þþþ/4) and in the
deep mesencephalon (þþþ/4) compared to those found in the
substantia nigra, pars compacta (þþ/4) and pars reticulata (þþ/4).
Figs. 3B and C show details of beta-endorphin-immunolabeled
varicose ﬁbres crossing a beta-endorphin-immunolabeled peri-
karya with terminal buttons reaching dendrites that extend into
the reticulate (Fig. 1) division of the substantia nigra. A summary
of the neuroanatomical and immunohistochemical studies is
provided in Fig. 4.3.2. Neuropharmacological investigation of the intra-mesencephalic
and tecto-nigral opioid pathways and their involvement in the
control of panic attack-like behaviour
Electrical stimulation of the dorsal mesencephalon caused
alertness and defensive immobility (freezing) followed by explo-
sive escape behaviour in all rodents in the present investigation. If
freezing followed by escape behaviour induced by stimulation of
the continuum of the dlSC/dlPAG was absent, animals were not
Fig. 2. Photomicrographs of transverse sections of dorsal midbrain at the level of
the deep layers of the superior colliculus. Dorsolateral column of the periaque-
ductal grey matter (dlPAG) at rostral (A) and more caudal (B and C) sites showing
beta-endorphin-immunolabeled perikarya (black arrows) (A and B) and varicose
ﬁbres (arrowheads) (C). Bars: 16 mm. Counter-staining: alcoholic Harris
hematoxylin.
Fig. 3. Photomicrographs of transverse sections of the ventral midbrain at the
level of the substantia nigra, pars reticulata (SNpr), showing beta-endorphin-
immunolabeled perikarya (white arrows) with characteristics of neuronal cells
(dendrites indicated by closed arrowheads) and varicose ﬁbres (open arrows head)
in close contact with an endogenous opioid peptide-containing neuron (B and C).
C is an ampliﬁcation of the area inside the rectangle in B. Bars: 20 mm in (A) and
(B); 10 mm in (C). Counter-staining: alcoholic Harris hematoxylin.
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treatments considering previous evidence from this laboratory
suggesting that freezing is another putative experimental model
of panic (Borelli et al., 2004).
Data obtained with the treatment of the dorsal midbrain (mean
7 SEM: 3.75072.631 in both cases; N¼8 per group) with physio-
logical saline followed by the electrical stimulation of the dlSC/
dlPAG after 10 or 120 min was not statistically signiﬁcant (unpaired
Student’s t-test; t¼0; df¼14, p40.05). In addition, the treatment of
the ventral midbrain (mean 7 SEM: 1.25071.250 and
2.50071.637, respectively; N¼8 per group) with physiologicalsaline followed by the electrical stimulation of the dlSC/dlPAG after
10 or 120 min was also not statistically signiﬁcant (unpaired
Student’s t-test; t¼0.6070; df¼13, p40.05). For this reason, these
Fig. 4. Transverse sections of the cranial mesencephalon of Wistar rats depicted in modiﬁed drawings from the stereotaxic atlas of Paxinos and Watson (1997) showing
sites of biotinylated dextran amine (BDA) iontophoretic deposits in the deep layers of the superior colliculus (dlSC) and dorsolateral columns of the periaqueductal grey
matter (dlPAG) (black closed circles) and summarising the morphological ﬁndings. The BDA-labeled nigro-tectal pathways () are represented in the top of the ﬁgure.
Beta-endorphin-immunolabeled perikarya (m) and varicose ﬁbres (open circles) were represented in both the dorsal and ventral mesencephalon throughout the crosswise
sections.
Fig. 5. Effect of microinjections of saline (open bars; 0.2 ml), naltrexone (hatched
bars; 5.0 mg/0.2 ml) and nor-binaltorphimine (solid bars; 5.0 mg/0.2 ml) in the
mesencephalic tectum on the escape behaviour threshold elicited by electrical
stimulation of the continuum of the deep layers of the superior colliculus (dlSC)
and the dorsolateral columns of the periaqueductal grey matter (dlPAG). Bars
represent the means7the standard errors of the mean (S.E.M.) of delta values for
8–16 animals per group. nPo0.01 compared to control group, according to one-
way ANOVA followed by Tukey’s post hoc test.
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tively). Pre-treatment of the dlSC/dlPAG continuum with micro-
injections of the non-selective opioid receptor antagonist naltrexone
increased the escape behaviour threshold (F2,29¼9.919; Po0.001).
Midbrain tectum (dlSC/dlPAG continuum) pre-treatment with
microinjections of the selective k-opioid receptor antagonist nor-
binaltorphimine, in independent groups of animals, also increased
the escape behaviour threshold (F2,29¼9.919; Po0.001) compared
to the control group. These data are shown in the Fig. 5. Electrode
tips were situated mostly in the dlSC/dlPAG continuum as shown in
Fig. 6.
Pre-treatment of the SNpr with microinjections of naltrexone
increased the escape behaviour threshold (F2,29¼13.86;
Po0.0001) elicited by dorsal midbrain electrical stimulation.These data were corroborated by microinjection of nor-
binaltorphimine into the SNpr, which also increased the escape
behaviour thresholds (F2,29¼13.86; Po0.0001) evoked by electric
stimulation of the dlSC/dlPAG continuum compared to the control
group. These ﬁndings are shown in the Fig. 7. Histological
conﬁrmation of the sites of microinjections into the SNpr are
shown in Fig. 8.
As an additional control, microinjections of naltrexone of nor-
binaltorphimine performed outside the dlSC/dlPAG and SNpr are
shown in Figs. 9 and 10.4. Discussion
The present morphological results conﬁrm that nigro-tectal
non-varicose pathways are surrounded by intra-mesencephalic
and tecto-nigral opioid neurons and profuse varicose ﬁbres.
However, although the neuroanatomical ﬁndings showed robust
varicose ﬁbres near dendrites of nigro-tectal neurons, the immu-
nohistochemical study revealed that only discrete beta-endorphin-
immunolabeled ﬁbres are at the same optical plane as neurons
sending nigro-tectal inputs in comparison to other divisions of the
substantia nigra such as the pars lateralis. In fact, the substantia
nigra, pars lateralis receives profuse endogenous opioid peptide-
containing afferents from the amygdaloid complex (Shinonaga
et al., 1992), whose subnuclei are crucially implicated in the
organisation of threatening stimulus-related responses
(Blanchard and Blanchard, 1972, Blanchard et al., 1979) and the
control of innate fear-induced responses (De Oliveira et al., 2010;
De Oliveira, 2011). However, we found evidence for axo-somatic
and axo-dendritic endogenous opioid peptide-labelled varicose
ﬁbres in the reticulate division of the substanita nigra, a region
critically involved in the control of instinctive fear-induced beha-
viour that is organised by neurons situated in both the rostral and
caudal aspects of the dorsal midbrain (Ribeiro et al., 2005;
Fig. 6. Drawings of transverse sections of the cranial mesencephalon of Wistar rats showing sites of electrical stimulation of the deep layers of the superior colliculus and
dorsal columns of the periaqueductal grey matter (top of ﬁgure) pre-treated with microinjections of physiological saline (open circles), naltrexone (open squares), or nor-
binaltorphimine (closed squares) depicted in drawings modiﬁed from the stereotaxic atlas of Paxinos and Watson (1997).
Fig. 7. Effect of microinjections of saline (open bars; 0.2 ml), naltrexone (hatched
bars; 5.0 mg/0.2 ml) and nor-binaltorphimine (solid bars; 5.0 mg/0.2 ml) in the
substantia nigra, pars reticulata (SNpr), on the escape behaviour threshold elicited
by electrical stimulation of the continuum of the deep layers of the superior
colliculus (dlSC) and dorsolateral columns of the periaqueductal grey matter
(dlPAG). Bars represent the means7the standard errors of the mean (S.E.M.) of
delta values for 8 animals per group. n, Po0.05; nn, Po0.001 compared to control
group, according to one-way ANOVA followed by Tukey’s post hoc test.
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by GABAergic nigro-tectal pathways (Coimbra et al., 1989, 2006;
Coimbra and Brand~ao, 1993) that are disinhibited by opioid neurallinks (Eichenberger et al., 2002; Osaki et al., 2003; Ribeiro et al.,
2005).
Interestingly, some beta-endorphin-immunolabeled varicose
ﬁbres were found in close contact with endogenous opioid
peptide-containing neurons in the SNpr. This demonstrates that
opioid neurons of the reticulate division of the substantia nigra
can also be modulated by an intrinsic opioid neural link, provid-
ing additional neural circuits inside the substantia nigra for
control of local neuronal activity. Indeed, a previous report
demonstrated that even varicose ﬁbres from tecto-nigral des-
cending pathways that reach the substantia nigra, pars compacta
and pars reticulata, reach both nigro-tectal projecting neurons
and other neuronal cells not directly connected to the dorsal
midbrain (Ribeiro et al., 2005).
However, we cannot rule out the possibility of co-transmission
of endogenous opioid peptides and serotonin into varicose ﬁbres
found into dorsal and ventral mesencephalon in the present work,
considering that varicose ﬁbres consist in a morphological char-
acteristic of the monoaminergic system projections. In fact,
serotonin-containing ﬁbres in the central nervous system
are rich in varicosities that usually consist in thin and unmyeli-
nated axons with round or ﬂattened dense-cored vesicles
(Beaudet and Descarries, 1981). In addition, other report (Mori
et al., 1987) showed that there is also a ﬁne serotonergic network
Fig. 8. Drawings of transverse sections of the cranial mesencephalon of Wistar rats showing (on the top) sites of electrical stimulation of the dorsal midbrain and (bottom
of the ﬁgure) the sites of microinjections of physiological saline (open circles), naltrexone (open squares), or nor-binatorphimine (closed squares) in the substantia nigra,
pars reticulata, depicted in modiﬁed drawings from the stereotaxic atlas of Paxinos and Watson (1997).
Fig. 9. Top: table showing the lack of effect of naltrexone administered outside
the deep layers of the superior colliculus, dorsal columns of the periaqueductal
grey matter and substantia nigra, pars reticulata, on escape behaviour threshold
elicited by electrical stimulation of dorsal midbrain. Bottom: drawings of trans-
verse sections of the cranial mesencephalon of Wistar rats modiﬁed from the
stereotaxic atlas of Paxinos and Watson (1997) showing the sites of microinjec-
tions of naltrexone into the ventral mesencephalon.
Fig. 10. Top: table showing the lack of effect of nor-binaltorphimine administered
outside the deep layers of the superior colliculus, dorsal columns of the
periaqueductal grey matter and substantia nigra, pars reticulata, on escape
behaviour threshold elicited by electrical stimulation of dorsal midbrain. Bottom:
drawings of transverse sections of the cranial mesencephalon of Wistar rats
modiﬁed from the stereotaxic atlas of Paxinos and Watson’s (1997) showing the
sites of microinjections of nor-binaltorphimine into the pre-tectum or the ventral
mesencephalon.
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mammals. According to these authors, ultrastructural immuno-
histochemical studies demonstrated that the majority of
serotonin-labelled ﬁbres in the substantia nigra of rats were in
close apposition to peridendritic axon terminals.In the present work, the electrical stimulation of the dorsal
midbrain caused panic attack-like responses such as defensive
immobility (Borelli et al., 2004, 2005) and explosive escape reactions
(Ribeiro et al., 2005; Castellan-Baldan et al., 2006). Pre-treatment of
the dlSC and dlPAG with selective and non-selective endogenous
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behaviour threshold. A similar effect was obtained after pre-
treatment of the reticulate division of the substantia nigra with
naltrexone or nor-binaltorphimine, a potent and selective kappa-
opioid receptor antagonist (Portoghese et al., 1987; Birch et al., 1987;
Takemori et al., 1988) suggesting a k-mediated opioid disinhibitory
effect on inhibitory nigro-tectal neural pathways through axo-
dendritic and axo-somatic synaptic contacts. Additionally, similar
mechanisms seem to play a role into the dorsal midbrain, possibly
through pre-synaptic inhibition of nigro-tectal GABAergic pathway
terminals, as previously reported (Ribeiro et al., 2005).
Through the study of encephalic areas and connections
involved in the neural basis of innate fear-induced behaviours,
several pathways between encephalic aversion system (Graeff,
1990) structures have been found, such the neuroanatomical links
between the dorsal columns of the periaqueductal grey matter
(dPAG), the medial hypothalamus, the amygdaloid complex,
the septal area (Siegel and Pott, 1988), and the reticular for-
mation of the deep mesencephalon, pons and medulla oblonga
(Coimbra et al., 2006). These neural substrates have been demon-
strated to be physiologically relevant for the elaboration of
unconditioned and conditioned fear-induced behaviours and pain
modulation in both laboratory animals (Fernandez de Molina and
Hunsperger, 1959; Lyon, 1964; Pellegrino, 1968; Halpern, 1968;
Fuchs and Siegel, 1984; Fuchs et al., 1985; Schmitt et al., 1986;
Coimbra et al., 2006) and humans (Tracey et al., 2002; Mobbs
et al., 2007; Wilent et al., 2010). Thus, in addition to other
structures such as the deep layers of the superior colliculus
(Le~ao Borges et al., 1988; Coimbra and Brand~ao, 1993; Coimbra
et al., 1996, 2006) and the central nucleus of the inferior colliculus
(Brand~ao et al., 1988, 1993, 2001; Cardoso et al., 1994; Coimbra
et al., 2000), the dPAG can be considered an important structure
of the encephalic aversion system that is involved in the coordi-
nation and generation of instinctive fear-induced behaviour
(Graeff, 1981; Fanselow, 1991; Carrive, 1993).
Effectively, dPAG damage causes impairment in aversive
stimuli-induced defensive behaviour in threatening situations or
during electrical stimulation of hypothalamic nuclei or the amyg-
daloid complex. On the other hand, the destruction of these
structures is not enough to affect defensive reactions evoked by
dPAG stimulation (Fernandez de Molina and Hunsperger, 1959).
The reciprocal neuroanatomical connection between the dlSC/
dlPAG and the SNpr that controls the expression of innate fear-
induced behaviour was ﬁrst described by Eichenberger et al. (2002).
This ﬁnding provided a morphological basis for the antiaversive
effect of central administration of endogenous opioid peptide
receptors antagonists (Coimbra et al., 1996) and also supports other
data from our group (Coimbra et al., 2000; Calvo and Coimbra,
2006). Moreover, the work performed by Eichenberger et al. (2002)
morphologically demonstrated the presence of an intra-tectal short
neural link and a longer tecto-nigral opioid projection involved in
the modulation of nigro-tectal GABAergic pathways that has been
supported by further morphological, psychophysiological and neu-
ropharmacological ﬁndings (Osaki et al., 2003; Ribeiro et al., 2005;
Castellan-Baldan et al., 2006).
The interaction between endogenous opioid peptide-mediated
neural links and GABAergic nigro-tectal pathways is thought to be
involved in the control of panic attack-like behavioural reactions in
both the rostral (Ribeiro et al., 2005) and caudal (Castellan-Baldan
et al., 2006) mesencephalic tectum. Evidence for the involvement
of the m1-opioid receptor in the modulation of GABAergic nigro-
tectal pathways has already been provided by Ribeiro et al. (2005),
although the role of k-opioid receptors was not addressed by those
authors. However, the existence of k-opioid receptors has been
morphologically demonstrated in both dorsal and ventral midbrain
structures (Mansour et al., 1988).The present work suggests the involvement of k-opioid recep-
tors of the dlSC/dlPAG neural substrates in the antiaversive effect
of peripheral treatment with non-selective opioid antagonists on
the panic-like-behavioural responses elicited by electrical stimu-
lation of dlSC and dlPAG neurons as previously demonstrated
(Coimbra et al., 1996). Our results provide new knowledge about
endogenous opioid peptide-mediated innate fear modulation in
the dorsal midbrain.
Considering that pre-treatment of the reticulate division of the
substantia nigra with either naltrexone or nor-binaltorphimine
increased the escape threshold elicited by electrical stimulation of
the dorsal midbrain, the novel ﬁnding is the pharmacological
evidence that k-opioid receptor-mediated opioid input to SNpr
neurons modulates inhibitory nigro-tectal pathways. GABAergic
nigro-collicular projections are likely under opioid phasic control
in both the dorsal midbrain and the mesencephalic tegmentum
(Eichenberger et al., 2002; Osaki et al., 2003; Ribeiro et al., 2005;
Castellan-Baldan et al., 2006). It is possible that endogenous opioid
peptide-containing interneurons present in the SNpr proper could
provide an axo-axonic inhibitory inﬂuence on disinhibitory neos-
triatum-nigral GABAergic pathways (Castellan-Baldan et al., 2006),
and an axo-somatic inhibition of the nigro-collicular GABAergic
cells involved in the regulation of neural activity in the midbrain
tectum.
In conclusion, the present results suggest that the short (intra-
tectal) and long (tecto-nigral) projecting opioid mesencephalic
pathways proposed by Eichenberger et al. (2002) exert their
inhibitory effect on inhibitory nigro-tectal neurons. The present
results further suggest that the kappa-opioid receptor plays a
critical role in endogenous opioid peptide-mediated neurotrans-
mission in the dlSC, dPAG and SNpr, where it exerts a disin-
hibitory inﬂuence on neural substrates of the dorsal and ventral
mesencephalon that modulate panic attack-like responses that
are organised by the dorsal midbrain.Acknowledgements
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